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Abstract

Recent Orbiter wind tunnel data and flight data have been
used to evaluate boundary-layer tramsition induced by
discrete-roughness elements on the Orbiter windward
surface. Orbiter flow field calculations have been used to
compute transition parameters and disturbance parameters
for correlating the results and comparing the trends. Existing
transition cormrelations have been modified and applied to the
Orbiter. These correlations provide a means to predict
transition on the Orbiter given a known isolated roughness
element.  Furthermore, these data and data reduction
methods provide information and guidance for the prediction
of transition due to discrete-roughness elements on future
winged reentry vehicles.

Nomenclature

B Velocity gradient parameter

k Roughness height

Keq Equivalent roughness height

L Orbiter reference length - 107.75 ft full-
scale

Me Boundary-layer edge Mach number

Reg+ Displacement thickness Reynolds number

Rex Reynolds number based upon conditions at
roughness height

Rn Nose radius

Reg Momentum thickness Reynolds number

Te . Edge temperature

Tw Wall temperature
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X/L Axial distance from Orbiter nose tip
divided by reference length

(X/L)¢ Axial location for transition front

& Boundary-layer thickness

&* Displacement thickness

8 Momentum thickness

Introduction

During the entry phase of several Space Shuttle Orbiter
flights, temperature instrumentation has indicated higher
than normal heating to the Orbiter windward surface.
Furthermore, control surface and reaction control jet activity
have indicated unaccounted for moments acting on the
vehicle. Although both of these events are well within the
design limits of the Orbiter, their occurrence was cause for
investigation. In both cases, these anomalies have been
attributed to early and/or asymmetric boundary-layer
transition. During STS-28, surface thermocouples indicated
that transition began at 900 seconds into the entry at Mach
number of 18 (see ref. 1). Nominally, transition occurs at
approximately 1200 seconds at a Mach number of 8. This
anomalous event has been attributed to gap fillers protruding
into the boundary layer (ref. 1). During STS-50, Orbiter
elevon deflecions and yaw reaction control jet firings
indicated that the vehicle experienced a yawing moment
during the same time as transition occurred. Surface
thermocouple data confirmed that transition occurred on the
right side of the vehicle 80 seconds prior to occurring on the
left side. These anomalies in the Orbiter entry have raised
concerns about the understanding of boundary-layer
transition on the Orbiter.



It is known that boundary-layer transition occurs due to the
amplification of disturbances introduced into the laminar
boundary-layer. Significant research has been conducted
(see Reshotko, ref. 2) to model the growth of disturbances in
the laminar boundary layer and this research has lead to a
better understanding of the transition process. However,
empirical data are still needed to predict the onset of
transition and most of our understanding of transition is
associated with those disturbances which can be modeled by
linear stability theory. For some disturbances, transition
occurs by-passing the known linear processes (see Stetson,
ref. 3). Transition on the Orbiter is dominated by at least
two known by-pass mechanisms - the blunt-body paradox
(ref. 3) and surface roughness. The existence of these by-
pass mechanisms makes it extremely difficult to develop
analytical models to investigate boundary-layer transition on
the Orbiter. Therefore, a plan was developed in which the
available Orbiter transition flight data and previously
obtained Orbiter transition wind tunnel data would be
reviewed and compared. Furthermore, new Orbiter
transition experiments would be conducted to specifically
investigate the effects of isolated roughness elements on the
Orbiter windward surface. Two experimental programs were
conducted. The first experiment was conducted in June 1995
at the Amold Engineering Development Center (AEDC)
Tunnel B with a 1.75% scale Orbiter model (refs. 4 and 5).
The second experiment was conducted at the NASA Langley
Mach 6 wind tunnel using a 0.75% Orbiter model (ref. 6). It
is the objective of this paper to compare the results of Orbiter
wind tunnel transition tests, both previous and present, and
Orbiter flight transition data. This effort provides a unique
opportunity to evaluate the results of transition data obtained
in two different wind tunnel facilities and how these results
compare to flight results. Furthermore, it is hoped that this
comparison can be used to better understand boundary-layer
transition events on the Space Shuttle Orbiter during flight
and to evaluate several roughness transition correlations that
could be used to predict transition.

Orbiter Transition Flight Data

A significant amount of Orbiter surface thermocouple data
are available from which the time and free stream conditions
for boundary-layer transition at the thermocouple location
have been determined. These data indicate that nominally
the Orbiter experiences transition at Mach number = 8 and at
a free stream Reynolds number of 8 million based upon
length. However, transition has occurred over a wide range
of free stream conditions - Mach numbers between 6 and 18
and Reynolds numbers between 2.5 and 13 million. See
Refs. 1 and 7. The problem with these data is that the
roughness condition of the Orbiter during flight is not well
characterized. Before first flight of the Orbiter vehicles, the
equivalent roughness, Keq, has been determined to ensure

that the windward surface roughness is within the specified
allowable roughness. Goodrich et al (ref. 7) presents the Keq

distribution along the windward centerline of the OV-102
Orbiter prior to STS-1. For this vehicle, Keq varies from

0.035 to 0.090 inches along the centerline and Goodrich et al
has chosen an average value of 0.060 in. to characterize the
distributed roughness on OV-102. The newest of the
Orbiters, OV-105, is a smoother vehicle with an average
distributed roughness of 0.050 inches based upon
unpublished measurements of the steps and gaps along the
windward surface centerline prior to its first flight - STS-47.
These two values provide a reasonable indicator of the
nominal distributed roughness of the Orbiter windward
surface.

Nevertheless, preflight measurements do not necessarily
provide a good representation of the Orbiter roughness
during reentry into the atmosphere. During launch and on-
orbit operations minor damage is often experienced by the
thermal protection system (TPS) tiles (ref. 1). The damage
usually consists of cavities into the tiles. Furthermore, some
gap fillers inserted into gaps between tiles loosen and
protrude into the boundary layer. After reviewing Orbiter
flight data, two cases were found in which the connection
between boundary-layer transition and a 'known' isolated
roughness element protruding into the flow was identified -
flights STS-28 and STS-73. For both of these cases,
transition occurred at approximately Mach number = 18 and
at a free stream Reynolds number of 2.5 million. After
landing, the vehicle is inspected and after STS-28, two
charred gap fillers were found protruding 0.25 inches from
the surface at locations of X/I. = 0.26 and 20 in. off
centerline and X/L. = 0.4 and 95 in. off centerline. After
STS-73, a gap filler was found protruding from the surface
by 0.6 inches near the windward centerline at X/L = 0.19.
After reviewing the location of these gap fillers and the flight
thermocouple data, the gap filler at X/L. = 0.4 for STS-28 and
the gap filler at X/L = 0.19 for STS-73 were identified as the
possible causes of early transition. Figure 1 provides a
sketch of the Orbiter planform with these locations
identified. Figure 2 includes a sketch of the isolated
roughness element produced by the protruding gap filler. To
evaluate the hypothesis that a single gap filler, that is a
fraction of the boundary-layer thickness, could cause early
boundary-layer transition on the Orbiter, wind tunnel tests
were conducted in which isolated roughness elements were
located in similar locations as shown in Figure 1.

Wind Tunnel Transition Experiments
Smooth-Body and Distributed Rougl Transition T

In the development of the Orbiter flight vehicle numerous
wind tunnel tests were conducted to obtain a better



understanding of boundary-layer transition on the Orbiter.
The most significant tests were conducted with a smooth
windward surface or with distributed roughness elements.
The smooth body tests included Orbiter heat transfer tests -
OH49B, OH39A/B, OH84B, OH103A, and OH54A - which
were all conducted with various models of the Orbiter at
angles-of-attack ranging from 30° to 40° (ref. 8).
Furthermore, a series of wind tunnel tests OH4A, MH2A,
and MH2B (refs. 9, 10, and 11) were conducted with a
1.75% scale stainless-steel model of the Orbiter in AEDC
Von Karman Tunnel B with a nominal Mach number of 8.
For OH4A the surface was smooth. However, for MH2A
and MH2B the windward surface was covered with
simulated raised tiles from x=0.02 to 0.80 L. These
misaligned tiles represented 25% percent of the tiles in this

region. The MH2A test used 0.001 in. simulated raised tiles’

whereas MH2B used 0.002 in. simulated tiles.

EDC Di F Induced Transition Test MH-1

Using the same model as tested in OH4A, MH2A, and
MH2B, a discrete-roughness transition test (MH-11) was
conducted in AEDC Tunnel B (ref. 4). A pattern of
simulated tiles had been etched into the windward surface of
this model for test MH2B and they were polished to
represent a distributed roughness of no more than 0.001 inch
in height. Discrete roughness elements could be located at
11 different locations on the windward surface, as shown in
Fig. 1. The locations have been labeled by a letter from A to
K. The stainless-steel discrete roughness elements were
0.0525 inches wide, 0.01 inches thick, and varied between
0.004 and 0.015 inches in height (see Fig 2). These
rectangular-shaped elements were mounted to the model
such that they were aligned 45° relative to the model
centerline. In most cases, only one roughness element was
positioned on the model for a run. However, for several
runs, two roughness elements were used during the same run.
The windward surface of the model was instrumented with
55 co-axial heat flux gages (ref. 4). For each configuration,
data were obtained at several free stream Reynolds numbers
in order to bound the Reynolds number to bring the
trapsition front to the element. Most of the data were
obtained at an angle-of-attack of 40° and a wall temperature
of approximately 540 “R. However, a significant amount of
data were obtained at 35" angle-of-attack and for wall
temperatures of approximately 200 “R. An overview of the
AEDC test and the results have been presented in Ref. 5.
The detailed test report is available in Ref. 4.

NASA LaRC Di Roughness-Induced Transition T

A 0.75% scale ceramic model of the Orbiter was tested in the
NASA LaRC 20-inch Mach 6 Tunnel. The windward
surface of this model was coated with thermographic
phosphors and a thermographic system was used to

determine the heating rate distnbution on the model.
Roughness elements that consisted of 0.050 in. squares of
kapton tape were positioned at locations B, D, and G as
shown in Figure 1, which are the same locations investigated
in the AEDC test. Additionally, the locations DE and EC
were tested. Roughness heights varied between 0.0025 and
0.010 inches and the elements were attached such that a pair
of the comers were aligned with the centerline (see Figure
2). Therefore, these elements simulated a Shuttle tile that
protruded from the otherwise smooth surface. All of these
tests were conducted at 40° angle-of-attack and for wall
temperatures of approximately 540 to 620 °R. For each
roughness element configuration, the free stream Reynolds
number was varied in attempt to determine the Reynolds
number that brought the transition front to or near the
roughness element. Ref. 6 presents a more detailed
description of this test and the results.

Scaling from Wind Tunnel to Yind Tunnel and to Flight

In order to compare the results of these wind tunnel tests and
the flight data it is necessary to compare the flow field
characteristics. Typically, the free stream Reynolds number
is used as a scaling parameter from wind tunnel to flight.
Figure 3 presents the Reynolds number history, based upon
length, for the Orbiter during the reentry portion of the STS-
2 mission. Typically, transition occurs at a free stream
Reynolds numbers of 8 million with early transition
occurring for Reynolds numbers as low as 2.5 million (ref.
1). Overlaid on the plot in Fig. 3 is the Reynolds number
range tested in the two wind tunnel tests using the scaled
model lengths. As can be observed, the wind tunnel values
are within the range of interest for the occurrence of
transition during flight. Free stream Mach number is another
scaling parameter that is desired to be matched in wind
tunnel tests. Unfortunately, only the lower end of the Mach
number range of interest could be matched in the available
wind tunnels. Nevertheless, for boundary-layer transition
studies it is necessary to compare the characteristics of the
boundary layer on the wind tunnel models to those in flight.
To accomplish this task, computations of the boundary-layer
flow parameters are needed.

A two-layer approach has been used to compute the
boundary-layer flow on the Orbiter windward surface at
wind tunnel and flight conditions. The two-layer approach
used is a three step process. First, an inviscid flow field
about the Orbiter configuration js computed. Second, using
the inviscid flow field as input, a streamline tracing code is
used to define inviscid streamlines with pressure
distributions, streamline spreading metrics, and the
boundary-layer edge entropy decrement along the streamline
to the point of interest. Finally, a boundary-layer code is
used to compute the surface heating rates and the boundary-



layer parameters. The IVEC3D inviscid flow field solver
(ret. 12) has been used to compute the perfect gas inviscid
flow field for the Orbiter at 35° and 40° angle-of-attack and a
AEDC wind tunnel condition of Re/ft = 1 million. The
IVEC3D code has also been used to compute the inviscid
flow field about the Orbiter -at seven flight conditions
ranging from Mach 18.1 to Mach 6 for the STS-2 trajectory.
(ref. 13) In this case, chemical equilibrium gas properties
.were used in the computations. The streamline code
developed by Wang (ref. 14) has been used to generate the
pressure, streamline-spreading metric, and the edge entropy
distributions along inviscid streamlines. These distributions
and the total enthalpy and stagnation pressure are input into
the Boundary Layer Integral Matrix Procedure (BLIMP)
code (ref. 15) to compute the surface heating rates and the
boundary-layer parameters using a fixed wall temperature of
540 ‘R or 200 °R for the wind tunnel cases or a radiation
equilibrium wall temperature for the flight cases. A perfect
gas model was used by BLIMP for the wind tunnel
computations and a chemical non-equilibrium gas model
with finite surface reaction rates (ref. 16) was used for the
two flight cases.

Using this method, the boundary-layer flow field parameters
have been computed for correlating the results of the wind
tunnel tests and for comparison to flight conditions. Figure 4
presents a comparison of the edge Mach number on the
Orbiter windward centerline for two flight conditions - Mach
18 and Mach 13 - with the edge Mach number on the Orbiter
models in the AEDC and the NASA LaRC wind tunnels.
Note that the flight edge Mach numbers are supersonic and
not hypersonic. Also, note that the wind tunnel values are
almost half that of flight. Figure 5 presents a comparison of
the boundary-layer thickness on the Orbiter centerline. The
wind tunnel values have been divided by the model scale in
order to make a more direct comparison with the full-scale
vehicle. The relative thickness of the boundary layer is
useful in scaling the wind tunnel roughness elements to the
flight conditions.

In order to compare the trends of transition results from one
case to another, parameters are chosen to represent the flow
conditions at which transition occurs - the transition
parameter. Typically, investigators choose the momentum
thickness Reynolds number, Reg, which is often divided by
the local Mach number. Figure 6 presents Reg along the
AEDC Orbiter model centerline for two wall temperatures at
a unit Reynolds number of 1 million. Wall temperature has
only a small effect on this parameter.

For roughness dominated transition, parameters which are
based on the roughness height are used to represent the
disturbance to the boundary layer. These parameters include
the roughness Reynolds number, Re; the roughness height

non-dimensionalized by the momentum thickness, k/8; and
the roughness height non-dimensionalized by the

displacement thickness, k/8*. The variation of Reg on the

AEDC model centerline is presented in Figure 7 for two
different roughness heights. This Reynolds number is based
on the flow conditions at the top of the roughness. One of
the problems of using Rek as a correlation parameter for

roughness elements at different locations on the Orbiter is
that values tend to be nearly constant over a large portion of
the vehicle and often multi-valued. Wall temperature has a
significant effect on this parameter as shown in Figure 7.
Figure 8 presents the variation of the boundary-layer

parameters, 0 , 8%, and 8 on the AEDC model centerline for
wall temperatures of 540 ‘R and 200 ‘R. The wall
temperature has little effect on the boundary-layer thickness,
9, and the momentum thickness, 8. However, for the cold
wall temperature, the displacement thickness, 8%, s
decreased significantly.

For the AEDC test (Table I), the NASA-LARC test (Table
II), and the flight cases (Table III), the free stream unit
Reynolds number, labeled Re/ft, for which the transition
front has been brought up to or near the isolated roughness
element has been determined. For these conditions, the
boundary-layer parameters were computed and the results
have been assembled into Tables I - III. The parameter B is
the local streamwise velocity gradient and has been included
in the tables to provide an indication of the pressure gradient
at the roughness location.

Before these boundary-layer parameters are used for
correlation of the transition results, it is of interest to know
the three-dimensional characteristics of the boundary layer
near the isolated roughness locations. Therefore, the inviscid
and viscous streamlines on the Orbiter forebody, Figures 9
and 10, respectively, are presented. The inviscid streamlines
were determined from the surface velocity components
computed by the IVEC3D code and they represent the
streamlines at the boundary-layer edge. The viscous
streamlines were determined from the shear stress
components computed from a perfect gas Navier-Stokes
solution provide by NASA LaRC using the LAURA code
(Ref. 17). The attachment lines - the line separating the flow
that continues down the vehicle from the flow that wraps
around the vehicle - are clearly visible in these figures. The
inward shift of the viscous attachment line indicates that the
boundary-layer has significant cross-flow in those regions.
The AEDC roughness element locations have been indicated
in Figures 9 and 10 to provide the reader a relative indication
of the cross-flow present at each location.



Discussion of Results
{ Distr Roug!

Figure 11 presents the Reg/Mg values to bring the transition

front to locations on the Orbiter windward centerline as
determined from smooth-body wind tunnel tests. The curve-
fit of these data represent a smooth-body correlation that has
been referenced by Goodrich et al (ref. 7) and was used as a
reference for developing the distributed roughness
correlation developed by Bertin et al (ref. 18). This curve-fit
is compared to flight results (STS-2 and STS-54) and to
specific wind tunnel results in Figure 12a. The AEDC -
OH4A data (ref. 9) are for a 1.75% Orbiter model with a
smooth surface tested in the AEDC Tunnel B at Mach 8.

The AEDC - MH2B data (ref. 10) are for the same model in’

the same tunnel with a distributed roughness of 0.002 inches
over most of the windward surface. The AEDC - MH-11
data are for the present test described briefly above with a
distributed roughness of 0.001 in. and no discrete roughness
clements. The NASA LaRC data are from the test also
described above with a smooth surface model. The STS-2
data were derived from flight thermocouple data for the
Orbiter Columbia which has a nominal distributed roughness
of 0.060 in. and experienced a nominal transition (Mach ~ 8
and Rep ~8.5 million). The Orbiter Endeavor, which has an

estimated 0.050 in. nominal distributed roughness, flew STS-
54 and experienced transition slightly earlier than normal
(Mach ~7-7.5).

As would be expeéted, the models with the distributed
roughness account for the lowest transition parameter values,
Reg/Me, with no discemnible difference between the 0.001

and 0.002 in. distributed roughness results. The NASA
LaRC smooth-body data are another level higher than the
AEDC data. This resuit may be due to differences in tunnel
noise. The AEDC tests were conducted with the model
insertion door open which may introduce additional noise
into the tunnel. The flight data is another level higher than
the wind tunnel data. Again, this may be a result of tunnel
noise affecting the transition process on a smooth model.
The STS-54 data are at about the same level or slightly lower
than the STS-2 values contrary to transition occurring later in
flight. This discrepancy may be due to the different methods
used in computing Reg/Me. The STS-54 values came from
Ref. 1. Note that wind tunnel and flight data presented here
tend to fall along similarly shaped curves that deviate from
the original smooth-body correlation presented in Fig. 11.
Figure 12b provides Reg at which transition occurs on the
Orbiter centerline.  Note that Reg/Me collapses the
differences between the flight data and wind tunnel data
better than Reg . This result may be due to the differences
in the edge Mach numbers between flight and the wind

tunnel (see Fig. 4).

Isolated Roughness Elements

Given roughness-induced transition data from ground tests
and from flight data, the problem becomes how to compare
the results. Typically, a transition correlation is desired such
that future transition events can be predicted and such that
past events can be understood. The usual path is to choose a
transition parameter and a disturbance parameter and to find
a functional relationship between the two. This process is
complicated when many different physical phenomena that
affect transition are present in the set of data being
correlated. For a winged reentry vehicle like the Orbiter,
these phenomena include heat transfer, streamwise and
lateral pressure gradients, and boundary-layer cross flow.
Since the available set of data include wind tunnel data with
different wall temperatures, flight data with the high heating
of reentry, and data for various locations on the Orbiter
where the pressure gradients are significantly different, the
process of developing a single transition correlation becomes
very difficult.

To begin the correlation process, the transition parameter,
Reg/Me, as used for the smooth and distributed roughness

data, has been chosen, Candidate disturbance parameters
include the roughness Reynolds number, Reg, and the

roughness height ratioed by a characteristic dimension of the
boundary layer - k/3, k/0, or k/8%. Figures 13 - 16 present
the results for the combined wind tunnel and flight discrete-
roughness transition data. For an acceptable correlation, one
should expect to observe a clear trend in which the transition
parameter decreases as the disturbance parameter increases.
Rey, Fig. 13, provides no clear trend. Using k/d or k/6, Fig.

14 and 15, respectively, results in the desired rend despite a
lot of scatter in the data. The LaRC data by themselves show
a clear trend but the AEDC data are scattered on both sides
of the LaRC data. In both cases, the flight data lie above the
wind tunnel results. Referring to Table I, one can determine
that for the AEDC warm-wall data, the off-centerline results
tend to lie above the LaRC data and the on-centerline values
lie below the LaRC values. The separation of the on-
centerline and off-centerline data may be due to cross-flow
effects. The AEDC cold-wall data exhibit significant scatter.
Using k/3* as the disturbance parameter, Fig. 16, appears to
collapse the data better and a more obvious trend for the
cold-wall data develops. This result suggests that the data
should be corrected for heat transfer effects.

In order to account for some of the known effects on
transition, two roughness-induced transition correlations for
blunt bodies have been chosen for evaluation with the
existing set of Orbiter data - the PANT correlation (ref. 19)
and the Van DriestBlumer correlation (ref. 20). Both



correlations were developed for transition on the nose of a
spherical nose cap on an axisymmetric body and include
corrections for heat transfer and for pressure gradient. The
PANT correlation uses the edge-to-wall temperature ratio to
correct the disturbance parameter and the Van Driest/Blumer
correlation uses an isentropic edge-to-wall temperature ratio
to correct the transition parameter. The pressure gradient
correction for both correlations is based upon the ratio of the
roughness height to the nose radius - 1+ 350 k/Ry. For the

Orbiter this correction is not usable since it does not have a
constant radius nose and since the data were obtained at
many locations off the nose region. Therefore, a new
pressure gradient correction term was defined - 1+ B/Bg -

where B is the streamwise velocity gradient at the edge of
the boundary layer computed by the BLIMP code. Bg is the

value at the stagnation point and that value is 0.5.

The PANT correlation uses Reg for the transition parameter

and k/@ for the disturbance parameter. The transition
parameter has been changed to Reg/Me to account for

differences in edge Mach number, as seen in Fig. 4., and the
results are presented in Figure 17. With the aforementioned
correction terms, the wind tunnel data tend to follow the
expected trend as shown by the curve-fit in Fig. 17 with a
scatter of approximately £35% (all but 2 data points).
However, the flight data lie 54% and 67% (STS-28 and STS-
73, respectively) above the wind tunnel curve-fit. Note that
the pressure gradient correction parameter made little
difference in the correlation but the T ¢/Tw correction had a

more significant impact. The Van Driest/Blumer correlation
uses Reg* for the transition parameter and k/8* for the

disturbance parameter. The present data set using these
parameters are presented in Figure 18. The wind tunnel
data are not correlated as well with a +65% uncertainty band
required to cover all but 2 data points. The flight data lie
69% for STS-28 and 208% for STS-73 above the curve-fit.

Both modified correlations appear to represent the data fairly
well despite predicting an earlier transition than indicated by
the flight data However, the uncertainty in the exact
roughness height during flight may contribute to this
discrepancy. Also, recall that neither correlation directly
accounts for the differences in cross-flow due to some
elements being on centerline - no cross-flow - and for some
elements being near the attachment line where the cross-flow
is significant. Furthermore, the pressure gradient correction
considers only the streamwise component. The roughness
elements near the nose experience significant pressure
gradients in both the streamwise and transverse directions.

Conclusions

Orbiter smooth-body and distributed-roughness wind tunnel
transiion data have been compared to nominal flight
boundary-layer transition data and it has been determined
that in flight, Orbiter boundary-layer transition nominally
occurs at Reg/Me values 25 to 60% higher than the available

wind tunnel data. This result is probably due to the effects of
wind tunnel noise. The results of isolated-roughness induced
transition wind tunnel tests have been compared to two
Orbiter flight cases using two existing transition correlations
that account for heat transfer and pressure gradient effects.
Despite the use of two different wind tunnels, two different
scale wind tunnel models, and two different shaped
roughness elements, the wind tunnel data are correlated
within £35% by the modified PANT correlation. The flight
test data follow the same trends as the wind tunnel data but
are higher resulting in transition later than would be
predicted by the wind tunnel data. This result may be due to
the significant uncertainty in the roughness height during
flight. Nevertheless, these data show that a single roughness
element that is 15 to 40% of the boundary-layer thickness
can cause early transition on the Space Shuttle Orbiter. The
data provided by this investigation and the data reduction
methods will hopefully assist in the prediction of transition
due to discrete-roughness elements on future winged reentry
vehicles. '
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Table I - AEDC Transition Test Results.

(a) Centerline, Alpha = 40°, Ty = 540° R

Roughness Re/ft (X/L)¢ B TeTw Res* Reg Me RegMe Rex  k/d* k/6 k/é
Element (x106)
A-2
k=0.004 in 2.25 0.05 0.22 2.17 71 75 0.85 87 178 2.35 2.22 0.23
A-3
k=0.008 in 1.75 0.05 0.22 2.14 61 66 0.85 77 280 432 4 0.4
D-3
k=0.008 in 1.5 0.09 0.17 1.98 108 92 1.07 87 260 235 2.76 0.27
G-2
k=0.006 in 135 | 0375 0.1 1.6 365 210 1.56 135 158 0.72 1.25 0.12
G-3
k=0.0151in 082 | 0375 0.1 1.55 279 163 1.6 104 310 14 2.4 0.22
32
 k=0.010in 125 | 0575 0.09 1.48 558 282 1.76 160 310 0.91 1.8 0.16
(b) Centerline, Alpha = 40° Ty =200° R
Roughness Re/fft  (X/L)t B TeTw Res* Reg Me RegMe Rex Kk/o* k/0 k/d
Element (x106)
A3 :
k=0.008 in 1.75 0.05 0.22 5.79 10 72 0.85 83 285 26.7 3.64 04
D-3
k=0.008 in 1.5 0.09 0.17 534 24 99 1.07 2 300 10.7 2.58 0.28
G-3
k=0.015 in 062 | 0375 0.1 4,19 102 160 1.6 o8 350 33 2.1 0.21
32 :
| k=0.010 in 062 | 0575 0.09 3.9 164 | 218 1.78 122 265 1.6 1.2 0.12
(c) Centerline, Alpha =35° T =540°R
Roughness Re/fft (X/L)t B TeTw Reg* Reg 'Me RegMe Regx  k/d* k0 k/d
Element (x106)
G3 ‘ [
k=0.015 in 082 | 0375 0.09 1.32 415 178 1.98 20 340 1.2 2.8 0.24
J-2
| k=0.010 in_ 125 | 0575 | 0.08 1.23 811 312 2.17 145 300 0.8 2.08 0.18
(d) Centerline, Alpha = 35" ,Tw =200°R
Roughness Re/ft  (X/L)t B TeTw Res* Reg Me RegMe Rex k/d* k/6 k/d
Element (x106)
D3 B
k=0.008 in 1 009 | 017 | 478 33 90 1.27 71 220 58 2.1 0.22
G-3
k=0.015in 062 | 0375 0.09 3.56 152 165 1.94 85 390 2.5 23 0.23
J-2
k=0.010in 062 { 0575 | 0.08 3.25 274 235 2.18 108 275 1.2 1.4 0.14




Table I - Concluded.

(e) Off-Centerline, Alpha =40° Ty = 540°R

Roughness Re/ft  (X/L); B TeTw Reg* Reg Me RegMe Rex k/é* k/8 k/d

Element (x106) '

c-3 | i |

k=0.008in ; 175 0.07 0.16 | 2.05 88 85 0.99 86 | 300 3.2 33 0.33

Cc4 , \ !

k=0.015in | 175  0.07 0.16 2.05 89 85 0.99 86 555 6 6.25 0.62

F-3 i f’ .

k=0015in . L5 ! 026 | 007 | 169 i 277 | 170 L5 113 | 59 23 | 375 . 034

-2 | | ? |

k=0.006in | 225 | 0.375% 009 | 164 | 445 258 1.59 163 310 1.02 1 176 ¢ 0.16

K-3 : | | | |

k=0.008in | 1 | 062 | -002 - 14 | 441 | 190 | 177 | 108 | 190 | 084 | 195 | 017
(f) Off-Centerline, Alpha=40" ,Tw =200°R

Roughness  Re/fft  (X/L)¢ B TeTw Reg* Reg Me RegMe Reg  k/d* k/6 k/é

Element (x106)

I-2 f ! Ti

k=0.006in | 225 | 0375 009 | 437 | 154 | 243 | 163 | 149 | 390 | 231 | 146 | 0.15

: t T

K-3 4 i i

k=0008in | | 062 | 002 377 | 121 | 165 | 188 | 8 | 220 | 15 | 11 | 014
(g) Off-Centerline, Alpha = 35° Ty =540°R .

Roughness Refft (X/L)y B TeTw Reg* Reg - Me RepgMe Rex K&  ki© kS

Element (x106)

C3

k=0.008 in 1.75 0.07 0.18 1.93 108 3 1.16 80 310 2.86 333 0.33

C4

k=0.015in 1.5 0.07 0.18 1.91 101 85 1.15 74 510 4.84 577 0.56

F-3

k=0.015in 1.88 0.26 0.09 1.5 389 210 1.82 115 850 2.38 4.41 0.41

K-3

k=0.008 in 1.15 0.62 -0.02 1.16 531 250 2.25 111 270 0.8 1.7 0.19
(h) Off-Centerline, Alpha = 35° T =200° R

Roughness Refft (X/L)y B TeTw Res* Reg M RegMe Rex Kk&* ki@ K&

Element (x106)

C3 T

k=0.008 in 1.5 0.07 0.18 5.15 26 95 1.18 80 305 10.7 2.9 f 0.3

K-3 ! |

k=0.008in | 0.62 | 0.62 0.02 3.1 276 IL 195 2.26 86 248 1.18 1.67 : 0.15




Table IT - NASA-LaRC Transition Test Results.

Alpha = 40°, Ty = 540" R

Roughness Re/fft  (X/L)¢ B Te¢Tw Reg* Reg M RegMe Regx Kk/&* k/8 k/d
Element (x106)
B
k=0.005 in 22 0.07 0.19 1.39 118 69 1.01 70 292 2.57 438 04
D
k=0.0025 in 52 0.08 0.18 1.39 217 125 1.11 114 328 1.75 3.03 0.28
D
k=0.005 in 2.5 0.09 0.18 1.35 155 86 1.11 78 343 235 4.21 0.38
D .
k=0.0075 in 1.6 0.09 0.18 1.31 127 69 1.11 62 334 2.75 5.08 0.46
D
k=0.010 in 1.35 0.09 0.18 131 117 63 1.11 58 394 333 6.19 | 055
DE
k=0.0025 in 54 0.174 | 0.15 1.25 398 193 1.37 141 309 1.16 24 0.21
DE
k=0.005 in 27 0.174 | 0.15 1.22 289 136 1.37 100 371 1.6 34 03
DE
k=0.007S in 1.9 0.174 | 0.15 1.2 247 114 1.37 82 415 1.97 4.29 0.37
DE
k=0.010 in 135 | 0174 | 0.15 1.19 210 96 1.37 70 420 2.18 477 0.42
EC
k=0.0025 in 5 0.258 | 0.065 | 1.21 552 239 1.48 164 246 0.86 1.99 0.17
EC
k=0.005 in 2.8 0258 | 0.065 | 1.17 425 178 1.48 119 352 1.25 2.98 0.26
EC
k=0.0075 in 1.8 0258 | 0.065| 1.14 348 143 1.48 98 379 1.47 3.6 0.31
G
k=0.0025 in 48 0375] 0.099 | 1.15 737 301 1.6 189 244 0.74 1.81 0.15
G
k=0.005 in 24 0375 | 0.099 | 1.11 535 211 1.6 132 313 1.01 2.56 0.22
G
k=0.0075 in 185 | 0375 0.099 ! 1.09 481 185 1.6 117 422 1.31 339 0.29
Table I1I - Flight Transition Results.
Alpha ~ 40°, T\, = Radiation Equilibrium
Roughness Re/ft  (X/L)¢ B Te¢Tw Reg* Reg M RegMe Rex k/iS* k/9 Ko
Element (x106)
STS-28 .
k=0.25in 0.233 | 0407 | 007 345 464 412 2.83 146 494 141 1.59 0.14
STS-73
k=0.6in 0205 | 0.19 0.16 4.17 25 247 2.2 112 1044 | 326 335 0.34
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Figure 5 - Boundary-Layer Thickness Scaled by Model Scale
along Orbiter Centerline for Alpha ~ 40°: Flit. M = I8 - Rey,

= 2.5 million; Fit. M = 13 - Re}, = 4.4 million; AEDC - Re,
= 1.88 million; LaRC - Rey_ = 1.78 million.

Figure 3 - Free stream Reynolds Number History for STS-2.
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Figure 4 - Comparison of Local Mach Number along Orbiter
Centerline for Alpha ~ 40": Fit. M = 18 - Rey = 2.5 million;

Fit. M = 13 - Rep, = 4.4 million; AEDC - Rey, = 1.88 million;
LaRC - Reg, = 1.78 million.

Figure 6 - Momentum Thickness Reynolds Number along
AEDC Model at Re/ft = 1 million for Alpha = 40°.
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Figure 9 - Inviscid (IVEC3D) Streamline Traces and Roughness Element Locations on AEDC Orbiter Model Windward
Surface - Mach = 8, Re/ft = 1 x 106; Alpha = 40°.
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Figure 10 - Viscous (LAURA) Streamline Traces and Roughness Element Locations on AEDC Orbiter Model Windward
Surface - Mach =8, Re/ft = 1 x 106; Alpha = 40°; Ty = 193 °R.
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Figure 12 - Comparison of Smooth and Distributed Roughness Transition Results,
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Figure 18 - Modified Van Driest Roughness Transition Correlation.
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